Introduction
============

In 2007, the discovery of a fusion of echinoderm microtubule-associated protein-like 4 with anaplastic lymphoma kinase (EML4−ALK) in 3%--7% of patients non-small cell lung cancer (NSCLC) enabled the rapid clinical development and validation of ALK inhibitors as a viable, new cancer therapeutic agent.[@b1-dddt-12-1183] Therefore, after only 4 years, crizotinib -- an oral small-molecule inhibitor -- was approved by the US Food and Drug Administration (FDA) for patients with ALK-positive NSCLC in 2011.[@b2-dddt-12-1183],[@b3-dddt-12-1183] Since then, several other ALK small-molecule inhibitors, such as ceritinib, alectinib, AP26113, and entrectinib, have also been identified and have entered clinical trials.[@b4-dddt-12-1183]--[@b7-dddt-12-1183]

Unfortunately, resistance mutations severely hamper the long-term success of ALK small-molecule inhibitors. To date, resistance mutations located in the ALK kinase domain have been identified, including L1152R, C1156Y, I1171T, F1174C, F1174L, L1196M, L1198F, G1202R, S1206Y, and G1269A.[@b8-dddt-12-1183]--[@b11-dddt-12-1183] Therefore, to understand such resistance mechanisms is an important activity that will guide drug development and lead to future innovations in the treatment of NSCLC.[@b12-dddt-12-1183],[@b13-dddt-12-1183]

The kinase domains of ALK consist of a bilobal structure -- a smaller N-terminal lobe and a larger C-terminal lobe -- which together create the catalytic site to transfer a phosphate from adenosine triphosphate (ATP) to a substrate hydroxyl ([Figure 1A](#f1-dddt-12-1183){ref-type="fig"}).[@b14-dddt-12-1183] The N-terminal lobe adopts five-stranded antiparallel β-sheets, an important regulatory αC-helix, and an ATP-binding glycine-rich loop (P-loop). In addition, the juxtamembrane segment of the N-terminus forms a β-turn motif, which is unique for ALK. The C-terminal lobe contains eight α-helices (αD-αI) and two β-stranded sheets. The crucial activation loop (A-loop, residues 1,270--1,299) in the C-lobe adopts an overall relatively extended solvent-exposed conformation. The ATP binding site is located in the cleft between the two domains. Meanwhile, the two domains are connected by a flexible linker (kinase hinge).[@b14-dddt-12-1183] Although some resistance mechanisms of ALK mutations have been investigated, few theoretical studies have been conducted to make clear the detailed mechanism of the ALK G1202R solvent front mutation (ALK^G1202R^).[@b15-dddt-12-1183]--[@b18-dddt-12-1183]

Understanding and overcoming drug resistance is an important task for the future development of potent inhibitors targeting the ALK^G1202R^; as James Black famously stated, "the best way to discover a new drug is to start with an old one."[@b19-dddt-12-1183] In the present study, alectinib (RO5424802, also formerly known as CH5424802) and its structural analog JH-VIII-157-02 were used to understand the drug-resistance mechanism of ALK^G1202R^ ([Figure 1B](#f1-dddt-12-1183){ref-type="fig"}).[@b20-dddt-12-1183],[@b21-dddt-12-1183] Alectinib is an oral drug, approved by the FDA in December 2015, for the treatment of patients with advanced ALK-positive NSCLC whose disease worsened after, or those who could not tolerate, treatment with crizotinib.[@b20-dddt-12-1183] JH-VIII-157-02 is a structural analog of alectinib that is a potent inhibitor against the G1202R solvent front mutation reported by Hatcher et al.[@b21-dddt-12-1183] Thus, in this study, umbrella sampling (US) simulations in conjunction with conventional molecular dynamics (MD) simulations and Molecular Mechanics/Generalized Born Solvent Area (MM/GBSA) free energy calculations were applied to explore the dissociative processes and the interaction profiles of alectinib and JH-VIII-157-02 to ALK^WT^ and ALK^G1202R^. This study may provide some clues to elucidate mutation-induced drug resistance at the molecular level and may have important implications for the rational design of novel ALK inhibitors to combat the drug resistance of the ALK G1202R solvent front mutation in NSCLC treatment.

Materials and methods
=====================

Protein structure preparation
-----------------------------

The three-dimensional structure of human ALK^WT^/alectinib (PDB ID: 3AOX) was retrieved from the Protein Data Bank (PDB), available at [www.pdb.org](http://www.pdb.org).[@b5-dddt-12-1183] ALK^G1202R^ was constructed by using EasyModeller software.[@b22-dddt-12-1183],[@b23-dddt-12-1183] Furthermore, both the crystal structure and modeled structure were refined by PyMol software and the Assisted Model Building with Energy Refinement 16 (Amber 16) simulation package, including removal of all non-bonded hetero-atoms, water molecules, addition of missing hydrogen atoms, and energy minimization. Then, the prepared structures were used to undertake molecular docking and MD simulations.

Construction of ALK^G1202R^/alectinib, ALK^WT^/JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02 models
----------------------------------------------------------------------------------------------------

Molecular modeling is a vital component in structure-based drug design. In this study, molecular docking -- a method which predicts the preferred orientation of one molecule to another -- was used to construct the ALK^G1202R^/alectinib, ALK^WT^/JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02 models by the latest version of the AutoDock 4.2.6 package.[@b24-dddt-12-1183] AutoDock is a flexible docking program, which is one of the most cited docking software in the research community. It is especially effective for protein--ligand docking. Prior to the docking step, atomic radii of AutoDock4 were assigned to the prepared ALK^WT^ and ALK^G1202R^ protein. Meanwhile, Gasteiger partial charges were assigned to alectinib and JH-VIII-157-02. A grid of 60, 60, and 60 with a grid spacing of 0.375 was created in *x*, *y*, and *z* directions, respectively, surrounding the binding site. The affinity maps of ALK^WT^ and ALK^G1202R^ were calculated using AutoGrid4 software. The docking protocol was as follows: trials of 100 dockings which were clustered according to the root mean square deviation (RMSD) tolerance of 2.0 Å, a population size of 300, with a maximum number of evaluations of 25,000,000, mutation rate set to 0.02, and other parameters set to default settings. AutoDockTools and PyMol were used to analyze the docking results.[@b24-dddt-12-1183],[@b25-dddt-12-1183]

Conventional MD simulations
---------------------------

The Amber 16 simulation package was employed for both the conventional MD and US simulations. The X-ray crystal structure of ALK^WT^/alectinib (PDB ID: 3AOX) and modeled structures of ALK^G1202R^/alectinib, ALK^WT^/JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02 were used as the initial structures for conventional MD simulations.[@b5-dddt-12-1183] Before conventional MD simulations, the ligands and proteins were constructed by antechamber and LEaP modules in the Amber 16 simulation package. The proteins were described by the Amber ff14SB force field.[@b26-dddt-12-1183] Both alectinib and JH-VIII-157-02 employed the generalized Amber force field (GAFF), with partial charges assigned by a restrained electrostatic potential (RESP) fitting method based on the electrostatic potentials computed at the Hartree--Fock (HF) SCF/6-31G\* level of theory.[@b27-dddt-12-1183] The box dimensions ensured that any protein atom was at least 20 Å away from the wall of the box with periodic boundary condition and also was solvated by TIP3P water molecules. Besides, appropriate numbers of sodium ions were added to neutralize all systems.

Prior to MD productive simulations, an equilibration protocol was carried out, including an initial minimization comprising 5,000 steps of steepest descent and 5,000 steps of conjugate gradient to the solvent molecules. Afterward, the side chains of proteins were relaxed with harmonic restraints of 10 kcal mol^−1^ Å^−2^ comprising 5,000 steps of steepest descent and 5,000 steps of conjugate gradient. Then, all molecules were relaxed in the water box, including 5,000 steps of steepest descent and 5,000 steps of conjugate gradient. Thereafter, all systems were heated from 0 K to 300 K using a time constant at a constant volume over a period of 500 ps. Subsequently, all systems were equilibrated at a constant pressure of 1 bar for 1 ns. Finally, each system was submitted to 100 ns conventional MD simulation in the isothermal-isobaric ensemble without any restraint. During the productive simulations, the Particle Mesh Ewald (PME) algorithm was utilized to consider the long-range electrostatic interactions of a periodic box with a cutoff of 10 Å, and the bonds involved in hydrogen atoms were constrained by the SHAKE algorithm.[@b28-dddt-12-1183],[@b29-dddt-12-1183] Pressure and temperature were maintained using the Langevin temperature scalings.[@b30-dddt-12-1183] A time step of 2 fs was applied, and coordinates were saved every 20 ps for further analysis.

Free energy calculations
------------------------

The MM/GBSA methodology has been widely used in elucidating the mechanisms of mutation-induced drug resistance.[@b15-dddt-12-1183],[@b17-dddt-12-1183],[@b31-dddt-12-1183]--[@b33-dddt-12-1183] The MM/GBSA methodology computes the binding free energy (ΔG~bind~) by utilizing a thermodynamic cycle that combines the molecular mechanical energies with the continuum solvent approaches.[@b34-dddt-12-1183] The ΔG~bind~ in this study was computed by using the following equations: $$\Delta G_{\text{bind}} = \Delta G_{\text{com}} - (\Delta G_{\text{rec}} + \Delta G_{\text{lig}})$$ $$\Delta G_{\text{bind}} = \Delta E_{\text{MM}} + \Delta G_{\text{sol}} - T\Delta S$$ $$\Delta E_{\text{MM}} = \Delta E_{\text{int}} + \Delta E_{\text{vdW}} + \Delta E_{\text{elec}}$$ $$\Delta G_{\text{sol}} = \Delta G_{\text{GB}} + \Delta G_{\text{SA}}$$where ΔG~bind~ in [Equation (1)](#fd1-dddt-12-1183){ref-type="disp-formula"} is the total binding free energy between the ligand and the receptor, which is also equal to [Equation (2)](#fd2-dddt-12-1183){ref-type="disp-formula"}. ΔG~com~, ΔG~rec~, and ΔG~lig~ are the free energies of the complex, receptor, and ligand, respectively. ΔE~MM~ and ΔG~sol~ represent the molecular mechanics interaction and solvation energies. TΔS represents the change of the conformational entropy upon ligand binding at temperature T. ΔE~MM~ can be split into three terms ([Equation 3](#fd3-dddt-12-1183){ref-type="disp-formula"}): intermolecular interaction energy (ΔE~int~), van der Waals energy (ΔE~vdW~), and electrostatic energy (ΔE~elec~). In [Equation (4)](#fd4-dddt-12-1183){ref-type="disp-formula"}, the solvation free energy (ΔG~sol~) includes the polar (ΔG~GB~) and non-polar (ΔG~SA~) components. In this study, by using the single-trajectory strategy, ΔE~int~ is completely canceled between ligand, receptor, and complex. The polar component (ΔG~GB~) was calculated using a Generalized Boltzmann (GB) model equal to 5.[@b35-dddt-12-1183],[@b36-dddt-12-1183] The interior and exterior dielectric constants were set to 1 and 80, respectively. The nonpolar component (ΔG~SA~) accounts for the nonpolar contribution to solvation and was approximated by relating it to the solvent accessible surface area with a coefficient of 0.0072. The contribution of entropy (−TΔS) to ΔG~bind~ was estimated by normal mode analysis using the NMODE module in the AmberTools 16 program.[@b37-dddt-12-1183] The normal mode conformational entropy (S~NM~) is a combination of the following three components: $$S_{\text{NM}} = S_{\text{trans}} + S_{\text{rot}} + S_{\text{vib}}$$

In [Equation (5)](#fd5-dddt-12-1183){ref-type="disp-formula"}, Strans, S~rot~, and S~vib~ represent changes in translational, rotational, and vibrational freedoms, respectively.

In the present study, trajectories from conventional MD simulations between 80 and 100 ns with 500 snapshots were applied to binding free energy calculations and free energy decompositions. Only a 100 snapshots for each system were used to estimate the contribution of the entropy due to the high computational demand.

US simulations
--------------

The equilibrated snapshots extracted from the trajectories were used as initial structures for the US simulations due to the G1202R solvent front mutation that may affect the binding geometries to alectinib and JH-VIII-157-02. In this study, the distance between one atom in the receptor (C~α~ in Ile-1171 of ALK^WT^ and ALK^G1202R^) and another carbon atom in the ligand (blue cycle, [Figure 1B](#f1-dddt-12-1183){ref-type="fig"}) were selected as the reaction coordinate (RC).

The RCs of these systems were extended 20 Å from the initial distance and separated into 41 windows by a step of 0.5 Å. For each window, 8-ns MD simulations were applied to each window to guarantee the convergence for each system. Additionally, the harmonic potential was used as the original potential for each window to create a thermodynamic state from one state to another. In this study, an elastic constant of 5 kcal mol^−1^ Å^−2^ was applied to all the windows to pull each ligand away from the binding cavity at a constant speed and force. The weighted histogram analysis method (WHAM) was carried out to calculate the potential of mean force (PMF) along the RCs.[@b38-dddt-12-1183] Each RC was split into 2,000 bins, and the temperature was set to 300 K for the WHAM calculation.

Results and discussion
======================

RMSD analysis of the receptor--ligand backbones
-----------------------------------------------

In this study, homologous modeling and molecular docking were used to generate the initial structures of ALK^G1202R^/alectinib, ALK^WT^/JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02. It is essential to investigate the structural stability of the three modeled complexes. Therefore, 100-ns conventional MD simulations were carried out to probe the structural stability of the modeled complexes and the crystal structure of ALK^WT^/alectinib, selected as the control. To monitor the stability and flexibility of these systems, the RMSDs of the C~α~ atoms from their initial position were analyzed. As shown in [Figure 2](#f2-dddt-12-1183){ref-type="fig"}, the RMSD of protein backbones of all systems quickly reached a steady state after 20--50 ns of simulation. All ligands in each system reached equilibrium and stabilization during the last 50 ns. Moreover, superposition of the conformations between the initial structure and last snapshot show a similar pattern, with minor adjustments. However, it can also be observed that the conformational change of the modeled systems was larger than that of the crystal structure ([Figure 3](#f3-dddt-12-1183){ref-type="fig"}). Overall, these results can be explained as an induced-fit phenomenon that the modeled complexes undergo conformational change to reach the optimal binding mode, and the selection of the initial conformations were reasonable and satisfactory for further analysis.

Interestingly, RMSD for the heavy atoms of alectinib in ALK^G1202R^ was more fluctuant than for the other three systems during the whole conventional MD simulation. One might, therefore, conclude that alectinib in ALK^G1202R^ is more flexible to a degree when compared to the wild type (WT). Afterward, the root mean square fluctuations of the protein backbone of all subunits were calculated, and we noticed that the P-loop region of ALK^G1202R^/alectinib exhibits amplified fluctuations when compared to other systems. Therefore, the distribution of the degree of opening of the P-loop, which represents the degree of opening of the binding pocket, was undertaken. The degree of opening was defined as the center of mass of the P-loop to the center of mass of the ligand. As shown in [Figure 4A and C](#f4-dddt-12-1183){ref-type="fig"}, the P-loop region of ALK^G1202R^/alectinib shows a higher degree of opening than the ALK^WT^/alectinib because the G1202R mutation would require rearrangement of the protein and rigid structure of alectinib. For comparison, the more flexible structure of JH-VIII-157-02 in ALK^WT^ and ALK^G1202R^ shows a similar distribution of the degree of opening ([Figure 4B and D](#f4-dddt-12-1183){ref-type="fig"}), indicating that a more flexible structure may overcome the G1202R solvent front mutation.

Free energy calculations
------------------------

Conventional MD simulation is commonly used to undertake free energy calculations in the field of computational biophysics. Herein, the free energies were decomposed into the contributions of each energy term for all systems to analyze the energy contributions in determining the receptor--ligand association on the basis of the MM/GBSA methodology. As shown in [Table 1](#t1-dddt-12-1183){ref-type="table"}, the predicted binding affinities of ALK^WT^/alectinib, ALK^G1202R^/alectinib, ALK^WT^/JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02 are −24.85±7.77, −13.59±4.92, −25.13±7.02, and −25.01±9.01 kcal/mol, respectively. Obviously, it can be observed that the ΔG~bind~ shows significant correlation with experimental data, and various energy terms contribute differently to binding free energies for each system. Herein, we only discussed the van der Waals energy (ΔE~vdW~) and entropy term (−TΔS). As listed in [Table 1](#t1-dddt-12-1183){ref-type="table"}, the decrease of van der Waals energy and the increase of entropy both lead to a decrease of the binding free energy for the G1202R solvent front mutation in ALK^G1202R^/alectinib as compared to ALK^WT^/alectinib. On comparison, there were no significant differences between ALK^WT^ and ALK^G1202R^ with regard to van der Waals energy and entropy for JH-VIII-157-02. Herein, combining the structural analysis that the P-loop confers a greater degree if opening of the binding pocket for the ALK^G1202R^/alectinib system and the increase of the entropy calculated from the MM/GBSA method, it can be concluded that the binding of alectinib to the ALK G1202R solvent front mutation with a resultant more flexible P-loop and increased conformational entropy substantially leads to resistance to alectinib.

To further understand the receptor--ligand recognition patterns and emphasize the important energetic distributions to drug resistance, the decomposition of the receptor--ligand interaction was also generated by the MM/GBSA method. As shown in [Figure 5A](#f5-dddt-12-1183){ref-type="fig"} and [B](#f5-dddt-12-1183){ref-type="fig"}, the interactions between ALK^WT^ and alectinib are mainly mediated by Leu-1122, Met-1199, Leu-1198, Leu-1256, Val-1130, Gly-1202, Ala-1200, Leu-1196, Ala-1148, and Val-1180. The major favorable energetic contributions for ALK^G1202R^/alectinib originate predominantly from the residues Met-1199, Val-1180, Val-1130, Leu-1198, Leu-1256, Ala-1200, Leu-1196, Leu-1198, Ala-1148, Arg-1202, Leu-1122, and Val-1130 ([Figure 5C](#f5-dddt-12-1183){ref-type="fig"} and [D](#f5-dddt-12-1183){ref-type="fig"}). Meanwhile, the major favorable energy contributions for ALK^WT^/JH-VIII-157-02 are Leu-1122, Leu-1256, Met-1199, Val-1130, Leu-1198, Gly-1202, Leu-1196, Ala-1148, Val-1180, and Lys-1150 ([Figure 5E](#f5-dddt-12-1183){ref-type="fig"} and [F](#f5-dddt-12-1183){ref-type="fig"}). The 10 most contributed key residues for the ALK^G1202R^/JH-VIII-157-02 are Leu-1122, Arg-1202, Met-1199, Leu-1198, Val-1130, Leu-1256, Ala-1200, Leu-1196, Ala-1148, and Val-1180 ([Figure 5G](#f5-dddt-12-1183){ref-type="fig"} and [H](#f5-dddt-12-1183){ref-type="fig"}). It can be seen that the predominant residues for all simulated systems are hydrophobic amino acids, and these systems share mostly identical key residues, located mainly in the hinge region and P-loop or near them. These results not only show the most contributed key residues, but also indicate that the enthalpy cannot be ignored and that entropy is also one of the major variations that govern binding free energy ([Table 1](#t1-dddt-12-1183){ref-type="table"}).

Assessing G1202R resistance mechanisms by US simulations
--------------------------------------------------------

Conventional MD simulations are not appropriate to simulate biological processes due to the fact that these processes usually occur on the microsecond to millisecond, or even longer, timescales.[@b39-dddt-12-1183] Therefore, biasing simulation methods have been found useful in enhanced MD sampling simulation techniques and improve the efficiency of conformational sampling, such as through accelerated MD simulation, replica exchange MD simulation, steered MD simulation, and the US simulation method.[@b40-dddt-12-1183]--[@b43-dddt-12-1183] In this study, US simulation -- a method which overcomes the problem of sampling trap into local minima by adding a bias to the potential function along certain RCs -- was carried out to characterize the unbinding processes of alectinib and JH-VIII-157-02 in ALK^WT^ and ALK^G1202R^ to further clarify the resistance mechanisms.

In this study, the equilibrated snapshots extracted from the 100-ns conventional MD simulations trajectories were used as initial structures for a total of 1,312-ns US simulations. Guaranteeing the sampling convergence of the US simulations is inevitable; therefore, 8-ns US simulations for each window were conducted for all systems, and the convergence of PMF was checked after each nanosecond. As shown in [Figure 6](#f6-dddt-12-1183){ref-type="fig"}, all systems are convergent after roughly 5-ns US simulations, suggesting that 5-ns simulations for each window are sufficient to achieve convergent sampling (difference of PMFs \<0.5 kcal/mol).

As listed in [Table 1](#t1-dddt-12-1183){ref-type="table"}, it can be seen that the binding free energies of ALK^WT^/alectinib, ALK^G1202R^/alectinib, ALK^WT^/JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02 predicted by US simulations are −14.39±0.76, −9.92±0.42, −14.48±0.46, and −13.99±1.21 kcal/mol, respectively. These results can be correctly ranked and show good consistency with the experimental data. It should be noted that the binding free energies based on the PMF depth (ΔW~PMF~) and standard binding free energy (ΔG~bind~) from the MM/GBSA method are the same with respect to the corresponding systems -- that is, not much effort should be taken to distinguish the ΔW~PMF~ and ΔG~bind~ in our US simulation strategy. The conventional MD simulations and binding free energy calculations make it hard to give the detailed free energies of a small-molecule dissociated along the unbinding pathways, therefore the PMF curves were used to clarify the different dissociative processes of alectinib and JH-VIII-157-02 in ALK^WT^ and ALK^G1202R^. As shown in [Figure 7](#f7-dddt-12-1183){ref-type="fig"}, it is obvious that the PMF curves for alectinib in ALK^WT^ are different from that for ALK^G1202R^. There are various peaks and valleys for ALK^WT^/alectinib than for ALK^G1202R^/alectinib. This finding indicated alectinib dissociates from ALK^WT^ and ALK^G1202R^ in a significantly different manner. Dissociating from ALK^WT^ needs to overcome a much higher free energy barrier than that from ALK^G1202R^. Compared with alectinib, both JH-VIII-157-02 in ALK^WT^ and ALK^G1202R^ need to overcome a considerable free energy barrier.

Furthermore, the alignment of all converged PMFs shows no increase at ∼12 Å along the RCs ([Figure 7](#f7-dddt-12-1183){ref-type="fig"}). It is well known that the higher the curve, the more the energy released during ligand binding to the receptor. Similar ΔW~PMF~ were clearly observed for ALK^WT^/alectinib, ALK^WT^ JH-VIII-157-02, and ALK^G1202R^/JH-VIII-157-02, whereas the ΔW~PMF~ of ALK^G1202R^/alectinib is much lower than for the other three systems. In other words, alectinib forms a higher affinity to ALK^WT^, and the G1202R are able to cause resistance. In summary, drug resistance may be caused by the mutation-induced conformational change of the energetic distributions and dissociative processes between the inhibitors and the binding pocket.

MD simulations and drug discovery
---------------------------------

MD simulations can offer insights into protein motion and often play important roles in drug discovery. For instance, nuclear magnetic resonance and X-ray crystallographic structures often show well-established binding pockets. However, sometimes, the models produced by these experimental techniques obscure other potentially drug-able sites. MD simulations is an excellent tool for identifying these cryptic sites. As an example, Schames et al[@b44-dddt-12-1183] conducted an MD simulation of HIV integrase in 2004, and the simulation revealed a previously unidentified binding site that was not evident from any of the available crystal structures.[@b44-dddt-12-1183] As predicted, this crystal structure later displayed that known inhibitors do, in fact, bind to this binding site. Further development was subsequently applied to the discovery of a highly effective antiretroviral drug, raltegravir -- the first FDA-approved HIV integrase inhibitor.[@b45-dddt-12-1183]

Despite the significant advances made in clinical trials for novel ALK agents, improvements are still required.[@b46-dddt-12-1183] The dynamic and energetic aspects obtained in this study are crucial and helpful to undertake structure-based virtual screening to rationally develop next-generation inhibitors to overcome the drug resistance caused by G1202R in ALK.

Conclusion
==========

In this study, molecular docking, conventional MD simulations, and MM/GBSA free energy calculations successfully modeled the G1202R solvent front mutation systems. Moreover, the binding free energies of alectinib and JH-VIII-157-02 in ALK^WT^ and ALK^G1202R^ were well pre dicted. The analysis of individual energy terms suggests that the major variations of alectinib binding between ALK^WT^ and ALK^G1202R^ are van der Waals energy and entropy term, compared to JH-VIII-157-02. Further structural analysis revealed that the conformational change of the P-loop plays an important role for alectinib in the resistance of the G1202R solvent front mutation. Additionally, US simulations were used to prove the principle of the binding preference of alectinib and JH-VIII-157-02 toward ALK^WT^ and ALK^G1202R^. The ΔW~PMF~ derived from US simulations were consistent with the experimental data, and obvious energy barriers were observed from the PMF profile of alectinib toward ALK^WT^. However, no energy barrier was observed toward ALK^G1202R^, suggesting alectinib is more easily dissociated from ALK^G1202R^ than from ALK^WT^, thus indicating lesser residence time. In contrast, the more flexible chemical structure of JH-VIII-157-02 has similar dissociative processes in both ALK^WT^ and ALK^G1202R^. Our results unambiguously suggested that both the conformational change of the P-loop and the variance of the van der Waals interactions are responsible for the resistance of the ALK G1202R mutation due to the inherent planar and rigid chemical structure of alectinib. Overall, our study not only revealed the determinants of drug resistance but also provided a feasible way to predict the unbinding kinetics of protein--ligand systems that can potentially facilitate the rational design of highly selective inhibitors with longer residence time for the ALK G1202R mutation.
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![Overview of the kinase domain of ALK.\
**Notes:** (**A**) Overview of the ALK kinase domain structure. G1202R solvent front mutation is colored magenta. Alectinib and JH-VIII-157-02 are stick models, colored blue and green, respectively. (**B**) Two-dimensional structures of alectinib and JH-VIII-157-02, where the blue cycle-marked atoms are the reaction atoms used in US simulations.\
**Abbreviations:** A-loop, crucial activation loop; ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate; P-loop, ATP-binding glycine-rich loop.](dddt-12-1183Fig1){#f1-dddt-12-1183}

![RMSD analysis of alectinib and JH-VIII-157-02 to ALK^WT^ and ALK^G1202R^.\
**Notes:** (**A**) ALK^WT^ and alectinib; (**B**) ALK^G1202R^ and alectinib; (**C**) ALK^WT^ and JH-VIII-157-02; and (**D**) ALK^G1202R^ and JH-VIII-157-02.\
**Abbreviations:** ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate; RMSD, root mean square deviation.](dddt-12-1183Fig2){#f2-dddt-12-1183}

![Alignment of the initial structure (cyan) and the last snapshot (yellow).\
**Notes:** (**A**) ALK^WT^ and alectinib; (**B**) ALK^G1202R^ and alectinib; (**C**) ALK^WT^ and JH-VIII-157-02; and (**D**) ALK^G1202R^ and JH-VIII-157-02.\
**Abbreviations:** ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate.](dddt-12-1183Fig3){#f3-dddt-12-1183}

![The distribution of the opening degree of the P-loop. The opening degree was defined as the center of mass of the P-loop to the center of mass of the ligand.\
**Notes:** (**A**) Alignment of the most populated conformations between ALK^WT^/alectinib (gray) and ALK^G1202R^/alectinib (magenta); (**B**) alignment of the most populated conformations between ALK^WT^/JH-VIII-157-02 (gray) and ALK^G1202R^/JH-VIII-157-02 (magenta); (**C**) the distribution of the opening degree of the P-loop between ALK^WT^/alectinib and ALK^G1202R^/alectinib; (**D**) the distribution of the opening degree of the P-loop between ALK^WT^/JH-VIII-157-02 and ALK^G1202R^/JH-VIII-157-02.\
**Abbreviations:** ALK, anaplastic lymphoma kinase; ATP, adenosine triphosphate; P-loop, ATP-binding glycine-rich loop.](dddt-12-1183Fig4){#f4-dddt-12-1183}

![The 10 most contributed residues of alectinib and JH-VIII-157-02 to ALK^WT^ and ALK^G1202R^.\
**Notes:** The most contributed Per-residue interaction spectra of ALK^WT^/alectinib (**A**), ALK^G1202R^/alectinib (**C**), ALK^WT^/JH-VIII-157-02 (**E**), and ALK^G1202R^/JH-VIII-157-02 (**G**); structural analysis of ALK^WT^/alectinib (**B**), ALK^G1202R^/alectinib (**D**), ALK^WT^/JH-VIII-157-02 (**F**), and ALK^G1202R^/JH-VIII-157-02 (**H**).\
**Abbreviation:** ALK, anaplastic lymphoma kinase.](dddt-12-1183Fig5){#f5-dddt-12-1183}

![Convergence of the PMFs calculated for four simulated systems by US simulations. The PMFs gradually decrease with the increase in the simulation time. When the simulation time was lengthened to 5--8 ns for each window, the PMFs became convergent.\
**Note:** Converged PMFs of ALK^WT^/alectinib (**A**), ALK^G1202R^/alectinib (**B**), ALK^WT^/JH-VIII-157-02 (**C**), and ALK^G1202R^/JH-VIII-157-02 (**D**).\
**Abbreviations:** ALK, anaplastic lymphoma kinase; PMF, potential of mean force.](dddt-12-1183Fig6){#f6-dddt-12-1183}

![Comparison of the converged PMFs based on different complexes by US simulations.\
**Abbreviations:** ALK, anaplastic lymphoma kinase; PMF, potential of mean force.](dddt-12-1183Fig7){#f7-dddt-12-1183}

###### 

Binding free energies of alectinib and JH-VIII-157-02 in ALK^WT^ and ALK^G1202R^ (kcal/mol)

  Name           ALK^WT^/alectinib   ALK^G1202R^/alectinib   ALK^WT^/JH-VIII-157-02   ALK^G1202R^/JH-VIII-157-02
  -------------- ------------------- ----------------------- ------------------------ ----------------------------
  ΔE~vdW~        −51.27±2.76         −46.88±2.79             −51.05±3.79              −52.42±3.66
  ΔE~elec~       −6.86±2.36          −6.58±3.61              −13.88±5.73              −15.32±6.73
  ΔG~GB~         24.07±2.43          23.53±3.15              32.77±5.38               34.97±5.59
  ΔG~SA~         −5.32±0.26          −6.98±0.21              −6.01±0.44               −6.47±0.31
  TΔS            −14.53±7.38         −21.32±4.01             −13.04±6.29              −14.23±8.53
  ΔE~enthalpy~   −39.38±2.41         −34.91±2.86             −38.17±3.45              −39.24±2.89
  ΔG~bind~       −24.85±7.77         −13.59±4.92             −25.13±7.02              −25.01±9.01
  ΔW~PMF~        −14.39±0.76         −9.92±0.42              −14.48±0.46              −13.99±1.21
  IC~50~ (nM)    2                   207                     2                        2

**Abbreviations:** ΔE~vdW~, van der Waals energy; ΔE~elec~, electrostatic energy; ΔG~GB~, electrostatic contribution to solvation; ΔG~SA~, non-polar contribution to solvation; TΔS, entropic contribution; ΔE~enthalpy~, binding free energy in the absence of entropic contribution; ΔW~PMF~, potential of mean force depth based on 16--20 Å along the reaction coordinate; ΔG~bind~, binding free energy; ALK, anaplastic lymphoma kinase; IC~50~, half maximal inhibitory concentration.
